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Solubility of Carbon in 18-Percent-Chromium-10-Percent-
Nickel Austenite

Samuel J. Rosenberg and Carclyn R, Irish

A geries of high-purity iron-chromiom-nickel alloys, tnade to o base analysis of 18 per-
eent of chromium and 10 pargent of nickel, and with cerbon sanging from 0.007 to 0.30

pereent, was melted and solidiled In vacuwm,

The presenge or abeence of carbides in these

alloys alter varicus mechanizal and thermal treatroents was determined by metallographic

sramination.

The practical limit of solubility varied From less then 0,007 percent of carhon

at 1,300° F to slightf}' more than 0.077 porcent al 1LE75° F, the highest Wmtm atudied,

The egreaenoa
establizhed.

1. Introduction

The austenitic stainless steels of AISI types 302
and 304 are sssentially alloys of iron with 18 papreant
of chromium and about 10 percent of nickel, contain-
ing relatively small amounts of carbon,  Although the
higher carbon content of the type 302 steel results in
somewhat higher atrength thep is obtsined in its
lower carbon counterpart, typo 304, it has long been
recognized that this higher carbon hes bean the cause
of lowered corrosion resistance, particularly of the
interpranular variety. These ateels bepome suscep-
tible to intergranular corrosion if exposed to tempera-
tures that cause the precipitation of chromium ecar-
bides. The uze of type 34 stainless zteel, with its
.08 percent maximum of carbon, was based upon the
premise that the lowered carbon content would
render the steel more resistant to intergranular sorro-
sion, ahd this point of view has been emphasized by
the recent devalﬂgment. of the type 304 ELC steels,
with carbon held to a maximum limit of 0.030
percent.

Even these extra low cacbon steels, however, pre-
cipitate carbides under certain conditions of time and
temperature. Althoough such steels are definitely lezs
susceptible to intergranular corcosion then the
regular type 304, it 18:apperent that complete im-
munity to intergranular corrosion of unstebilized
austenitic stainless zteels can be achieved only when
the carbon confent i3 less thon the limit of solid
goluhility. It is nmow penerally helieved that the
limit of solid eolubility of carbon i less than the
value of 0.02 t usually gssymed.

The anstenitic stainlese steols are annealed with the
ohject of obtalning & mmf)lel.el_',r auatenitic structure
with all carben in s0lid solution. To attain this end,
anuealing tem tures uzad in commercial practice
arc quite high, usuvally ahout 1,850 to 2,000° F.
Althovph auch high annealing temperatures are
effective in causing the solution of precipitated car-
kides, the use of lower snnealing temperaturea with
smaller resulting grain size i considered desirable
from the viewpoint of resistance to interpranuvlar
embrittlement. As the temperaiure of completc
solution of carbides is a function of carbon content, it
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appears logical to presume that the low-carbon steels
may be annealed at lower temperatures than the
igher carbon varieties. In the absence of definite
knowledge of the carbon salubility, bowever, annesl-
ing temperatures muat ba kept quite high. Tt would
seemn that & determination of these limits would be of
considershle practical g2 well as theorctical interest.
Despite the large amount of exparimental work on
the mustenitic stainless steele reported in the litera-
ture, there docs not appear to have been much study
devoted to the determinstion of the limit of =olu-
hility of carben in chromium-nickel austenite. Aborn
and Bain [1] ' note that =och v determination could
be made only with considerable difficulty and cxpress
a well-founded doubt that it iz possible to determine
the aslubility of chromium carbide at temperatures
below about 1,000% F. They preseni the results of
their experimental work in the form of a curve and
state that this curve represents the solubility of ear-
bon in 15-percent-chromium—§-porcent-nickel alloy,
although pno analyses are given. Curves are also
shown by Erivobok end Grossmann [2], giving the
selubility of carbon in 18-percent-chromium—8-per-
cent-nicke! snd in 1E-percent-chromivm-12-percent-
nickel austenite, and by Green {3], giving the solo-
bility of carbon in 1R-percent-chrominm-—9-percent-
nickel sustenite. Values tzken from the curves of
these investigators are given in table 1.
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2. Materials and Methods of Study

The materials used in this study were sll high-
}Jurlt:,r iron-nickel-chromium alloys prepared in the
aboratory. The raw materinls were electrolytic
iron, electrolytic shromiom, snd Mond nicke] with
the {ollowing snalyses:
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All melts wera prepared in slip-cast high-purity
beryllin crucihles, e crucibles were approm-
mately 1% in. in diameter by 8 in. long, and a new
erucible was used for each melt. The chargeas were
calculated on the basis of 18 percent of chromium,
10 percent of nickel, and 72 Famant of iron, carbon
heing added in the form of hiph-purity graphite.
Each charge weighed approximately 000 = All
haats were melted in vecuum in a small induction
furnace; each melt was allowed to solidify in the
crieible. Tt was attempted to maintam the melten
metal under vacuum for a perod of several hoors
in an effort to remove gases, but trouble was exper-
ienced because of the vaporization of ehromium at
low pressures, Because of this the chrominm son-
tents of the alloys were appreciably lowar than the
degired amount, and the imgeta invariably weighed
leas then the charges. )

The ingets were subsequently heated to 2,100° F
for forping into rode of about 0.6-in. diametar, snd
the forged roda were cleaned by machiming about
0,030 in. from the dismaier. About 1 in. of the end
of ench rod eorresponding to the hottom of the ingot
was discarded, nnﬁ the next inch was used for chem-
ical and gas analyses. Millings for chemical analysis
were taken from the cross ssction of this length.
All carbon determinations were made in duplicate,
and the values reported are believed to be accurate
to £0.002 Percent. in the lower ranges. The results

of the analyses are given in table 2,
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Alloy 2 proved to be high in both manganese and
oxygen, and alloy 3 was high in oxygen. These im-
purities gpparently had no effect upon the carbon
solubility as determined in this study, nor did the
varation in chrominm from a low of 16.40 percent
to a high of 18.26 percent.

The forged roda were annealed (% hr at 1,975° F,
water-quenchod) and cleaned by grinding, A sec-
tion of aach rod was reduced about 44 to 50 percont
in area by cold-rolling for the purpoee of facilitating
the procipitation of carbides during subzequent
heat treatmenis. Samples of both the annealed
and the annealed and cn]l]d-warkad alloys were subse-
quently subjected to a temperature of 800° F for 6
weeka to precipitate carbides. Individusl samples
wore then treated at various higher temperatures
for the purpose of dissolving in the austenite all car-
bides in excesz of the aolubility limit. ‘The schedule
of temaperatura and time is showa in table 3,
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Comnsiderable thought was gg;:an to n satisfactory
method of determining the limit of earbide solu-
bility. Many methods that migh:five gquantitative
values wera tried, bt sll proved unsatizfactory,
Among the methods tried and abandoned were the
followng: '

1. Meaauremeni of magnetic permeability. Two
samples of the same steel containing Q.07 percent of
carbon were studied. Both samples were quenched
from 1,075° F, and one was subsequently heated 2
hr at 1,200 ¥ Microscopic sxamination showed
that the annealed sample had & completely austenitic
ateueture, and that the sampls heated at 1,200 F
hed an abundance of precipiteted carbides. The
magnetic permeability of both samples wes sbout
the same within the limit of experimentsal error.

2. Meosurament of lottice parameier. It i= lmown
thot the lattice parometer of pustenits 1= a function
of carbon content, snd an attempt was made to
mesgsure the lattice parameters of the two samples
mentioned above, which obviously contained differ-
ent amounts of dissolved carbon. Because of tha

amonnts of carbon involved, however, the
difference in latlice parsmeter was less than the
accuracy of messurement.

3. }fgm.surﬁmmt of electri resistivily. Measure-
ment of the electric resistivity of the two =nmples
showed differences so small Lga,t. they wera within
the limit of experimental error.

4. Measurement of elecirolyfic-saludion potential.
Tha measurement of electrolytic-salution potential
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has been advocated as & very sensitive method of
determining the boundary between n homogeneous
field (in this case, austenite) and & heterogeneous
field (in this case, sustenite plus carbide). An ex-
haustive series of measurements of the elastrolytic-
solution potential of the two samples mentioned
abowve was made. The rezults obtained were entirely
too arratic to be used as a basis for determining the
Emita of carhon solubility.

5. Dretection of chromiwm carbides by K-raye.
Sevaral samples of this sama steel wars annaaled and
then held at various temperatures to precipitote
carbides, X-ray examination of thess samples
showed pogitive evidence of carbides in the samples
held at the lower temperatures, Carbides could not

be identified positively, however, in samples that -

had bean held at the higher temperatures {where tha
amount of precipitated carbides naturally wes small),
even though e precipitated carbidea definitoly
eould ba geen under the microscope,.

§. Deferminalion of chromivm corbide by chemical
analysiz. It would seam that the amount of soluble
cathon (thoat 18, the carbon dissolvad in the sustenite)
and inscluble carbon ({the carbon precipitated as
carbides) could be separated by chemical analysis
Circumstances did not permit an exploration of this
ex%erimental twhgjﬂue.

ollowing the failure of the above methods, the
prezence or absence of carbides in the various ellp
was determined by metallographic examination only.
Although tha determination of the presance of pre-
cipitated carbides offered no dificnlty when moderate
or lorge amounts were present, this examination
hecame in Iy difficult and uncertain az the
amounts of carbides approached the temperatures at
which completa solution took place. Meorsover, the
determination of whather or not carbides wers
presant was frequently complicated by the prosence
of other phaaes, such as ferrite and sigma. Mthm:fh
nob directly connected with the main theme of study,
it was necossary to Investigate the presonce of ferrita
and gigma in many of the specimens.

Ay & matter of interest, hardness measurements
Rockwell “C* and “B") were mada on all samples,
he data obtained could not be correlated with the

solution of the carbides.

3. Besuilts and Discussion

A major problem that srose early in the metallo-
graphic examination of the samples was the need for
a positive method of differentistion batwesn carbides,
pigma, ferrite. In many of the epecimens tha
structurea were such that a carbide gtch (10-percent-
sodium cyanido, used clectrolytically, was adopted
as a stendard etch for carbides) revealed a structure
that eould not be definitely avalusted, and many
other stchante were tried in an effort to socomplish
this. In several instances metallographic examina-
tion was sypplemented by X.-rey examinatior.

It soon became apparent thet definite identifica-
tion of all the conatituents in ali the samples would
inerease the scops of study far beyond the limits
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originally contemplated, namely, the determination
of the limits of earbide solubility. Ewen though a
certain amount of study was, of necessity, devotad .
to the identification of other constituents, the work
was mainly restricted to the determination of tha
preaence or absenca of carbides. Thesa carbidea
ware shown, by X-ray examination, to have param-
ater measurements corresponding to those raported
for O10,.

The microstructures of the 10 alloys studied, as
forged znd then anuealed at 1,975° F, are shown in
fi 1, At thiz temperature the carbon was in
solution in all the elloys contsining less than ¢.115
percent of earhon. Undissolved carbides were
present in thia alloy (g 1, &) and appearad in
ineressingly lerger amounts as the carbon content
increasaid. As might be axpected, the lower earbon
alloye contained delta ferrite. At 1,976° F, this
constituent waz prezent in large amounte in the very
low carbon alloyz and eould be detected in all alloya
containing up to and including €.077 percent of
carbon {fig. 1, F}.

Whether or not the alloys were cold-worked after
annealing at 1,975° F and prior io holding at the
Erecipitation temperature of 300" F appearad to

gve no material effect upon the temperature st
which complate sclution of carbidez took place.
Howevar, this intermediate treatment {rold-working
after anbaaling) prestly facilitated the precipitation
of carbide= st 300° F. Samples of the lower carbon
alloy= (lesa than about 0,029, of carbon}, when held
at 800 F for 6 weeks, usually showed hut very little,
if any, carbide precipitation unless cold-working had
followed annealing, which indicated that 8 weoles at
400° F waa notk sufliciently long to secure equilibrium
in the annsaled alloys.  As the solution tempers-
tures werse raiged, precipitated carbides appeared in
the lower carbon elleys which had previously baen
annaaled only.

It was noted that ihis intermediate treatment
frequently affecied the ﬂ‘resanca of delta ferrite and
sigma, pacticalarly the latter, it belopg conducive to
the formation of sigma phase. Higima was foynd in
large emounts in the lower earbon alloys, poarticularly
m those samples that had beesn held in the range
1.000% to 1,300° F and fraquentli; at higher tem-

peratures,  [ts presence in some of the samplos was
confirmed hy et.chhﬁ with meodifiad Muorakami's
nt {30 g of KON, 30 g of EOH, and 60 m! of

rea;

Hﬁ;, which is reported te attack ai]gmn‘mﬂy 4]
and by X-ray ciamingtion. The accelerating effect
of cold-work upon the formation of sigma may he
observed from the relatively large amounts of slgina
shown in figurc 2, A snd {J, as compared with traces
shown in ﬁﬁum 2, B and D. This important effect
of cold-work upen the formation of sigma was shown
by Jette and Foote for irpn~chromium alloys [15].
The sodium cyanide citehant used for these samples
reveals sigma and ferrite as well as carhides. [
lutter are evident in figure 2, A and O, s fine dots
alined on the numerous slip planes resniting from
the previoua cold-working. The sigma ase s
evidenced by the heavy black particles, sometimes
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Pugly wnd Nishet, The work of BRees, Bums, and
Cool [9] indicates that somi siem slhooald e formed
in this alloy. The iron-chrominm-nickel phase dia-
s ik 1,200° 1, peoposed by Thislseh [10] on the
Tuh-:in of the work of severn]l mvestizators, indicates
that the 18-percent-chromiom-10-pereent-oickel al-
lays should consisi of gmoma (eu=temite ) wnd =emy
alb this temperntare level,  In high-purity alloyvs
|'H]l|]li.'|]'|l'lj{ very small amounts of vm'hun, ths pres-
eniee o both sigron pod ferrite o the raogee 10007 1o
LA00% T was quite definitely  establizhed in the
Preseat trl\l'ﬁl'i!_’_.llti.'l'll i the allorys that had not been
subjected 1o cold-working, Tt should be noted, how-
ever, thal no ferrite was observed b the cold-worked
low carbon .'I"ll_"|"'l after 6 weeks at 1L200° F.  As is
shown in figure 3, the forpite that was presint in
the alloys that had not been r'u-hI--u.'url-;i.'Ll partiolly
translorimed to ﬂ-__'llln. and 1t 18 I:::-R-'ihir'- that the
ferrite observed would have transformed complelely
to sigma had the time of exposure at 1,200° f bern
sufficient to attain equilibrinm at that temperatien.

L peretn . pigihecnm
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pnpeaiod ] & wmd W, ubher holding wr T,000 ¥ O amd 15, pivor helddog wi 1,90 F. Trohed
dibpkdisy W iy oy ares = M0
The [met that the cold-worked allovs, solution-

contnined no ferrte lends some
ginee the mtermediate oolil-
attaiunent of stroctural

b bl it 1,200° T,
eredomee to this i:ulil'f,
working asasts in the
ey iilibrivem.

Fi:_-;urn* 4 .ﬂ|||r1.'.:= thie j:l':‘r,gr'r_'.-twi'h [ |'||.|1r|_:f|'.-'- that toolk
plwee dprmge solution beating of alloy 15 (005559 of
cirbon).  The structure resulting after annealing,
cold-working, and then holding ot 8007 17 to pre-
eipitate earbides s shown in ligore 4, A, and consisis
of ferrite and enrbides (and aostenite).  Reheating
at OH° F (hig. 4, B) causcd no appreciable change,
but rehesting ot 1,000% F (fig, 4, € caunsed the for-
mation of sigma and the virteal disappescanee of
fernte.  After holding at 1100% T (fig. 4, 1)) con-
gidernble sigmy was evident, amd this constituent
persiatod up to 1,0007 F (A 4 1) Corbides wor
still evident al this temperature, and fervite also
was pregent,  Av L7007 F (G 4, 000 the striobore
cioaistod 1-:—‘-.-;1'!LIi|||el} of sustenite and forrite. althoneh
ecarelul metnlogzraphie examimation revealsd ocen-
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sionnd minute teaces of corbides. AL L8009 and  (he. 5, H tiaces of ferrite wers ovidont, aod sigmn
1,900°% F (fig. 4, K and L} fervite was the enly. was present in but small amounts; at 1,600% F
pxcess (b (fig. 5, 1) its presenee was doubtful, ferite was

FI;.'HI:'!‘ 5 shows the I']IIIII.II.EI‘!'-' that Lol |}|||1'|.~ i
this same alloy bot without the intermediste cold-
working. The structure resulting after annealing
midd then holding ab 807 F is shown in figuee 5, A,
el consistod of forrite and some slight troces of
precipitated carbides oo mateix of aostenite, As
myenitioned ]l:'rt'|n||-'|:.', thie ol dange periid of 0 wenks
was nol sufficiently long to precipitate all oxeess
carbades ot 800% F& however, carbides were readily
procipitated at o000 F (g, 5 B) Au L600% F
ifige. &, C) samn begran tof fovm o the Terrile areas,
athil t'."-.--'ntinn} the same striucture of carbides, {er-
rite, symm, and agstenite existod ot 1,000% F (fig
5, D). AL1.200°F (fig. 5, 1) the strueture consisted
of mustenite and carbides with troces of sigmn.  The
earhides hl':_'_‘:lllt Lo shiow --u‘j:ll'un' of -'-l||l|'-ri||!-_r il
1. 800% F (fig- 5, F); sigmn was alan present. The
photomicrograph of the sample held ot 1400% F
iz, 6, (3) shows evidense of further ||;._'.~_'|u'lih'l'u!']||h
of corbides with sigma still persisting. — Ac 15005 F

i5

weesent in small amounts aod most of e earbides
wmid been dissolved, At 1,700° F (e, 5, 405, the
structure cofsisied of small gmomnts of Terie and
doubitful traves of carbides; spparently solution of
carbides was |'5.-arl1|1i||.]|_1. compicte at this Lempera-
fitre, AL LSOO% and 1000%F (e, 5, K and 1) the
strocturs vonsisted of ferrite and ustenite.

The bt of .-rrhll:i|i1_1| of carbades in the |Li,'.£|'|- M-
ul ys

ill'l.' I.\'u~||1-|'|'J':|.!-1'||['4|J||.i||1!l |II-|'n-|‘|'|.'1|1—I|i.1'l.1'|
studisd, without regand o other constituents, i=
ghown in figure 6. Two ouryes oee shown.  The

lower gurve (sohd) & presented os reprisentotive of
the temperntures ab which solution of carbides 1=
-,-I]l'l;i[ﬂ"linlh |-|r|u|p||'l|-, that 15 the Fismnn ot Pl 1=
J’II'H"\'I' ﬂ.'hif'll rrlillﬁ IH'I'?I.";“HIHJ |r|i]||l||' L A et ”I -
hidios Femanin Thie Upper adueye {ilashed) r'l.'[]-l"l"-":'H‘I*-
the temperatyres ot which all varbides have boen
dissolved.  These curves were established on the
bausis of carefid metallegmphic exmmination of el
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CGARRON, FERGENT

Ficure 0. Sumteary of meteliographies evalualion of agin-
baitity of corbom dn high-purily 18-pereent-chromivm—I0-per-
cend-nickel-iron alloys.

Balid Ik Indbeibrs HIDIE of mubitatital widbllity, Tshed Hig jodieston atn.
bura 2 Which Tast mlfute frmies of carbides frn disolved, W, Corbides;
- allghtl kréeect Of carides; 3, v ctrtddes.

the samples involved. At 1,800° F, the highest
splution temperature used (observations obtained
from the samples apnesled at 1,975° F are also
included in fig. @), carbides wera present in all alle;
containing 0.077 present of carbon and over. At
1,300° F und below, the solubility of carbon i the
baze alloy was less then 0.007 t, the lowest
carbon content in the aerios. inute traces of car-
bides could be obgerved in this low-earbon alloy at
temperatures as hi%-h as 1.800° F. It is apparent
that the aolubility of carbon m the temperature range
congidered dsmaging from the viewpoint of sensi-
tization (1,0K° to 1,200° F) must be very low—
certainly less than 0.007 percent, .

Inscfar as annealing to affect solution of earhides
is concerned, it would seem that the t J04ELC
steels (L0297 of carbon maximum) ~:1«|:|n|,11d}v & annealed
at temperatures a8 low as 1.700° B, but that t.:,r]iua
304 stainless (0.089% of carbon maximum} should
be annenled at temperafures in excesa of 1,900° F.
For type 302 stainless (0.08 to (1209 of carbon),
the annesling temperaturess ap arent-f}r should be
well over 2,000° F if effective solution of carbides is
dezired.

4, Summary

A meinll phic study of high-purity iron-
chromivm-nickel sllovs containing 18 percent of

chromium, 10 percent of nickel, and varying amounts
of carbon showed thet with a carbon content of
0.007 percent (the lowest carbon content etudied)
polubility of carbides was substantially complete
between 1,300° and 1400° F. Complete solution
of the last minute treces of carhides, however, was
not effected until 1,700° F.  The solability increased
as the temperaiore incrensed, and at the maximum
temperature studied (1.975° F), the solubility of
CATHOT Wad appmmmatel 0.08 percent. The curve
developed showa that the solubility of chromium
carbide in 18-percent-chromium-—10-pereent-nickel
anstenits is appreciahly lower than has been reported
previously. ,
~ On the basis of the solubility curve developed, it
is beliaved that iype MMELC stainless steel can b
effectively annealed at 1,700° F bui that type 304
stainless should be annealed st temperatures in
excess of 1,000° F,

The existence of sigraa as a stable phuse in ‘the
low-carbon n]logs partinulmig in the range of about
1,000° to 1,300° F, was established.

The authors are indebted te J. H. Darcr for modi-
fieation of the vacuum melting furnscs and sssistance
in melting some of the heats, to J. I}, Grimsley for

nesigiance in the matall phic work, to J. L. Hegue
and C. H. Corliss for chenrical and speetrochemical
analyses, respectively, and to H, C. Vacher and R.

Lisa Jor X-ray identification of the phases present in
many of the allo The work reported hercin was
gponsored by the Bureau of Aeponsities, Department
of the Navy.
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